We report 2 ϫ 2 and 4 ϫ 4 multimode air-clad holey fiber couplers fabricated by a novel fusion and tapering technique. The devices showed excellent port-to-port coupling uniformity over a wide spectral range of 800-1650 nm. The 4 ϫ 4 coupler showed a low insertion loss of 9.9 dB and excess loss of 3.9 dB at 1310 nm. Because of its unique air cladding and the high numerical aperture of the holey fiber structure, the device showed strong potential in high-power applications.
Since the advent of the air-silica microstructure fiber (ASMF) structure that contains periodic arrangement of air holes over the silica fiber cross section, varieties of specialty single-mode fibers have been receiving very intense attention due to their novel waveguide properties, such as high nonlinearity, 1 large chromatic dispersion, 2 and wide single-mode operation. 3 Recently directional 2 ϫ 2 couplers made of single-mode ASMF have been reported for the fused-taper 4 and side-polished types 5 intended for wavelength-selective power splitter applications. ASMF research interests are being expanded into multimode waveguides, and a new type of multimode air-clad holey fiber (MACHF) has been developed for high-power cladding-pumped fiber laser application. 6 Thus far the MACHF structure has been implemented only in a single strand as a gain medium, which was longitudinally pumped with an additional rare-earth-ion-doped core in the center of the silica cross section. 7 In this Letter we report an experimental demonstration of novel 2 ϫ 2 and 4 ϫ 4 couplers made of MACHFs by an optimized fusion and tapering technique, for what is the first time to the best knowledge of the authors. The fabrication process of the couplers along with optical characterization in terms of the splitting ratio, spectral response, and insertion loss will be discussed for potential high-power applications.
The MACHF was fabricated by using conventional stack-and-drawing of capillaries and silica rods with optimized pressure control during the drawing process. 8 The fiber has a silica core diameter of 70 m and an outer diameter of 130 m. Air holes with a diameter of 7 m surround the silica core with a pitch of 6 m to provide the numerical aperture of 0.5. The cross section of the fiber is shown in the microscope photograph of Fig. 1(a) .
Strands of MACHFs were twisted and mounted on electronically controlled motorized stages. Flame brushing techniques were employed to provide a hot zone, where the fibers are fused and tapered. As we gradually elongate MACHFs, the outer diameter adiabatically decreases along the fiber axial direction, with shrinking air hole pockets. Near the fused region the air holes completely collapse to form a solid multimode silica waveguide without air holes. The schematic diagram and microscopic photograph of the side view of the fibers along the taper in the 2 ϫ 2 coupler are shown in Fig. 1(b) , and the schematic diagram of the 4 ϫ 4 coupler is shown in Fig. 1(c) .
Within the tapered multimode fiber, each mode carries a fraction of its power and then couples to the output ports depending on the phase delays, which are primarily determined by fused region parameters such as elongation length and cross sectional area. 9 Longer taper usually provides a uniform power dis- tribution among output ports, yet there is a limit to the degree of downtapering before the onset of volume loss, which cuts off the highest-order mode from the cladding-air boundary, to result in a large insertion loss. The waist width and pulling length were optimized to secure uniformity in the power splitting ratio and low insertion loss, which were 20 m and 8.74 mm for the 2 ϫ 2 coupler and 10 m and 19.45 mm for the 4 ϫ 4 coupler.
The coupling characteristics of the 2 ϫ 2 MACHF coupler are shown in Fig. 2(a) , where the output power of the main and the coupled ports at 1310 nm are plotted as a function of pulling length. After the pulling length of 4 mm, MACHF began the mode coupling cycle between two arms; when the elongation length reached around 8.74 mm, splitting of the output power into equal halves was achieved to result in a 50:50 coupler. Figure 2(b) shows the spectral response of the output ports of the fabricated coupler at a 50:50 coupling ratio. The spectra were obtained by using a nonpolarized white-light source. It is noted that output ports have very uniform spectral characteristics over a wide wavelength range, from 800 to 1650 nm, which can make the device suitable for a wideband power splitter.
As we increase the port number from 2 to 4, the advantages of MACHF over conventional multimode fibers become more evident. Figure 2(c) shows the output spectra of a commercially available 4 ϫ 4 multimode coupler made of 62.5 m core multimode fiber in the range 800-1650 nm. The average insertion loss was about 8.5 dB, yet the uniformity both in the spectral response and in the port-to-port power splitting ratio showed large deviations, over 2 dB. Figure 2(d) shows the spectral response of the output ports of the fabricated 4 ϫ 4 MACHF coupler, which showed excellent uniformity in both port-to-port power splitting and spectral response over a wide spectral range. It is noted that output ports have almost identical spectral characteristics over the entire wavelength, showing a strong potential for wideband power splitter applications. The fabricated 4 ϫ 4 MACHF coupler showed a low deviation, less than 0.5 dB, in both port-to-port power splitting and spectral response, which is a significant reduction compared with the conventional multimode fiber coupler in Fig. 2(c) .
In order to further quantify the optical characteristics of MACHF couplers, we defined the following optical parameters for input and output ports: Insertion loss͓dB͔ = − 10 ϫ log͑P out /P in ͒,
͑1͒
Excess loss͓dB͔ = − 10 ϫ log͑sum͓P out ͔/P in ͒, ͑2͒
Distribution ratio͓dB͔ = Maximum insertion loss − Minimum insertion loss. Figure 3 shows the experimental setup for the measurement of the above parameters. The input power of stabilized Fabry-Perot laser diodes as light sources was injected into one port of the 2 ϫ 2 and the 4 ϫ 4 coupler, and the wavelengths were centered at 1310 and 1550 nm. The input and output of the fabricated MACHF coupler were connected by using a 130 m bore ferrule. The connectors were then mated to a conventional 62.5 m core multimode fiber connector with FC-type adapters. In the measurements all the fiber ends were FC connected to secure consistent measurements. The measured values take account of the mismatch between the multimode graded-index fibers at launch and collect the light from their coupler; the measured values excepting mismatch are summarized in Table 1 . The distribution ratio gave us the difference between the maximum insertion loss and the minimum insertion loss for 800-1650 nm. Despite excellent uniformity in output power splitting, the present MACHF couplers did show higher insertion loss and excess loss than do conventional multimode couplers. The higher losses are attributed to drastic change in the MACHF near the tapered waist where the air hole is collapsed to solid silica core, and further optimization of process parameters is being pursued by the authors.
͑3͒
MACHF lasers have been reported for input powers up to 35 W without thermo-optical limitation with a butt-coupled, 400 m diameter output fiber from a laser diode at 976 nm. 10 Because of the high surface-to-volume ratio and the nature of the thermally insulating all-silica guiding, the couplers did maintain a consistent coupling ratio for 2 ϫ 2 and 4 ϫ 4 power splitters to the maximum available laser diode power.
In summary, we fabricated a multiport-tomultiport optical splitter based on multimode air cladding holey fiber (MACHF) by using a novel fusion-tapering technology. The fabricated devices showed insertion losses of 6.9 and 9.9 dB for 2 ϫ 2 and 4 ϫ 4 MACHF couplers, which are comparable with those made of conventional graded-index multimode fibers. The devices showed an excellent uniformity both in the spectral response and port-to-port power splitting ratio, with a maximum deviation of less than 0.5 dB over a wide wavelength range from 800 to 1650 nm. The optical power scalability of the device was also confirmed up to the power level of 35 W at 850 nm, which strongly indicates the high potential of the device for the applications in highpower fiber lasers and industrial laser power distribution. 
